Antimiaobial peptides are a widespread component of host defense. We characterized the tissue distribution and cellular localization of expression of the magainin family of antimicrobial peptide genes in Xenopusbevis. Two genes from this family, magainin and PGLa, are expressed at high levels in the skin and throughout the gastrointestinal tract.
Introduction
Antimicrobial peptides are widely distributed in plants and animals and serve as one component of host defense against microorganisms (for review see Zasloff, 1992;  Boman, 1991; Lehrer et al., 1991;  Bevins and Zasloff, 1990;  Boman and Hulunark, 1987) . It has been proposed that antimicrobial peptides are an especially useful line of defense in epithelial tissues. These tissues require defense against microorganisms, yet in order to preserve the integrity of the epithelial surface may utilize many alternate defense mechanisms before recruiting a widespread inflammatory response (Boman, 1991) . Several reports have identified antimicrobial peptides in one such epithelial tissue, the vertebrate gastrointestinal tract (Jones and Bevins, 1992,1993;  Selsted et al., 1992; Agerberth et al., 1991;  et al., 1991,1992; Ouellette and Lualdi, 1990;  Lee et al., 1989 ; Ouellette et al., 1987 Ouellette et al., ,1992 .
Our studies have focused on characterization of the magainin family of antimicrobial peptides in the gastrointestinal tract of the South African clawed frog, Xenopus laevrj. Magainins I and 11, isolated from Xenopus skin, are encoded by a single precursor (Terry et al., 1988; &I&, 1987) . OtherXenopus skin peptides with broadspectrum antimicrobial activity indude PGLa (a peptide with amino terminal glycine and carboxy terminal leucinamide), caerulein precursor fragment, and xenopsin precursor fragment (Soravia et al., 1988; Giovannini et al., 1987; Gibson et al. 1986 ). Analysis of the genes encoding these peptides suggests that they are all part of a multigene family (Hunt and Barker, 1988) . Magdinins are abundant and are stored in the Xenopus skin granular gland, a large, multinucleated, granule-filled cell containing a variety of biologically active peptides (Erspamer and Melchiorri, 1980) . Erspamer and Melchiorri (1980) observed that many of the biologically active peptides in the amphibian granular glands are either identical to or analogous to peptides present in the dtffuse neuroendocrine system of the gastrointestinal tract. Several studies have used immunohistochemical methods to assess distribution of these peptides (Moore et al., 1992; Sadler et al., 1992;  Dockray and Hopkins, 1975). Moore et al. (1991 Moore et al. ( ,1992 isolated active magainin family members from Xenopus stomach and used immunohistochemical studies to localize these peptides to a gastric cell they termed the granular multinucleated cell (GMC). The GMC is similar in appearance to the skin granular gland; however, the cell also has some properties of classic endocrine cells, such as immunoreactivity against choleycystokinin (Moore et al., 1992) . These results suggest that the amphibian granular gland may be a more generalized structure than previously appreciated.
We have characterized the distribution and cellular localization of expression of magainin and PGLa, the most abundant members of the magainin family, in the Xenopus gastrointestinal tract. We identified the GMC as the site of magainin and PGLa expression in the stomach, demonstrating that magainin and PGLa are synthesized and stored within the same gastric mucosal cell. We used in situ hybridization to demonstrate abundant expression of magainin and PGLa in large, eosinophilic granular cells of the Xenopus small intestine. Results from electron microscopy (EM) studies demonstrate that these amphibian intestinal cells share some features of the mammalian Paneth cell, a site of antimicrobial peptides expression in the small intestine ofmice (Selsted et al., 1332; Ouellette et al. 1987 Ouellette et al. ,1992 and humans (Jones and Bevins, 1992,1993 ). Therefore, our finding of antimicrobial peptide gene expression in a Paneth-like cell in Xenopus small intestine suggests conservation of an intestinal host-defense system involving antimicrobial peptides in non-mammalian vertebrates.
Materials and Methods
Notthem Blot Analysis. Xenopur h e v i s frogs were purchlsed from Nasco Biologicals (Fort Atkinson, WI). Frogs were anesthetized in tricaine (3aminobenzoic acid ethyl ester) (Sigma; St Louis, MO) before dissection.
Tissue was frozen in liquid nitrogen for extraction of RNA. Total cellular RNA was prepared by the guanidine isothiocyanate method of Chirgwin et al. (1979) . Gel electrophoresis and Northem blotting were carried as described by Moore et al. (1991) . Magainin and PGLa cDNA inserts were labeled by random priming (Feinberg and Vogelstein, 1983 ) and hybridized to filters in 50% formamide, 6 x SSC, 5 x Denhardt's, 100 p g / d sheared salmon sperm DNA, and 0.5% SDS at 42% overnight. Filters were washed to a final stringency of0.l x SSC, 0.1% SDS at 65'C. The magainin cDNA clone BSX3 contains one copy of magainin I and five copies of magainin I1 (Moore et al., 1991) . The PGLa done PGLa 8 contains a single copy of PGLa (Reilly et al., in press) . Each blot was rehybridized with a bovine a-tubulin cDNA control (Diamond et al., 1991) , which was labeled by random priming and hybridized to filters in 50% formamide, 6 x SSC, 5 x Denhardt's, 1% SDS, 100 b g / d yeast RNA, and 100 pglml sheared salmon sperm DNA at 37'C ovemight. The final two washes were in 1 x SSC, 0.1% SDS at 65°C for 15 min each.
In Situ Hybridization. In situ hybridization was carried out as described previously (Reilly et al., in press; Gilman, 1987) . Briefly, frog tissues were dissected, fixed in 4% paraformaldehyde in PBS, and embedded in paraffin blocks. Albino frogs were used to minimize dark background due to pigment. Sections (4-6 pm) were mounted on poly-Llysine-coated slides (Sigma) or sialanated slides (Digene; Silver Spring, MD) by HistoLabs (Gaithersburg, MD) and stored at -2 0 T until use. Slides were prepared for hybridization by rehydration in graded ethanols, and serial incubations in the following solutions: 0.2 N HCI, 0.2 x SSC (1 x = 150 mM sodium chloride, 15 mM sodium citrate), 10 bg/ml proteinase K, 100 mglml glycine, 4% paraformaldehyde, freshly prepared triethanolamine/acetic anhydride, and dehydration in graded ethanols (Gilman, 1987) .
Anti-sense tiboprobes were labeled with [ 3 5 S ] -u T p by in vitro uans~rip
tion of magainin and PGLa cDNAs (Yisraeli and Melton, 1989) . In vitro transcription and hybridization of the sense transcript were used as a negative control. In a control experiment, the sense transcript did not detect a band on Northern blots. The specific activity was typically 4-6 x lo* cpm/ pg of RNA synthesized. Hybridization and wash conditions used were as described by Young et al. (1986) with modifications by Reilly et al. (in press) .
Autoradiography was performed by dipping slides in Kodak NTB-2 emulsion diluted 1:1 with water. Slides were exposed at 4'C for 3-6 weeks and developed in Kodak D-19 developer, followed by fixation. Slides were counterstained with hematoxylin and eosin. Additional sections were stained with phloxine-tartrazine, a histochemical stain that aids in the identification of Paneth cells (Lendrum, 1947) . Intestinal tissue from eight frogs was examined with both in situ hybridization and phloxine-tartrazine staining. Photomicrographs were taken with a Zeiss Axiophot brightfieldl darkfield microscope.
Electron Microscopy. Fresh tissue from Xenopus small intestine and mouse intestine was washed for 10 min in 0.1 M cacodylate buffer, pH 7.4, containing 7% sucrose and then fixed in 1% (w/v) glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, containing 0.5% (w/v) calcium chloride. After washing in 0.1 M cacodylate buffer, pH 7.4, containing 7% sucrose, three times for 20 min each, the sample was dehydrated in a series of graded alcohols and embedded in Epon as described (Moore et al., 1992) . Thin sections were cut and processed as described earlier (Moore et al., 1992) and photographed with a Phillips 300 electron microscope. EM studies were carried out using intestinal tissue from seven adult frogs.
Results

Distribution of Magainin and PGLa mRNAs in Gastrointestinal Pact of Xenopus laevis
We examined magainin and PGLa gene expression in adult Xenopus tissues by Northern blot analysis (Figure 1) . The first two lanes contained 1 wg and 0.1 wg, respectively, of total RNA from skin. The remaining lanes contained 10 pg of total RNA from stomach, duodenum, distal small intestine, large intestine, muscle, lung, blood, liver, brain, oviduct, and testis. The magainin cDNA detected a 1.2 KB transcript that encodes the precursor for magainin I and magainin 11. The PGLa cDNA detected a 0.5 KB PGLa transcript. The gastrointestinal tract is a site of high magainin and PGLa mRNA levels, second in abundance to the mRNA levels in the skin. Magainin and PGLa mRNAs were detected throughout the entire gastrointestinal tract in approximately 1-5% of the mRNA levels in skin. Lower levels of the magainin and PGLa mRNAs, <1% of skin levels, were detected in muscle and lung. Neither magainin nor PGLa expression was detected in total RNA from blood, liver, brain, oviduct, or testis.
Magainin and PGLa mRNAs Are Detected in the Granular Multinucleated Cell of the Gastric Mucosa
The Xenopus gastric mucosa is lined by a columnar epithelium, similar to the mammalian gastric lining. Both mucous-producing cells and granular GMCs are located at the base of the gastric pit, a shallow tubular depression lined by surface epithelium. Using immunohistochemical techniques, Moore et al. (1992) demonstrated previously that magainin and PGLa peptides are stored in the GMC. These cells also demonstrate immunoreactivity with specific antisera to caemlein precursor fragment (CPF) and xenopsin precursor fragment (XPF). additional members of the magainin family of antimicrobial peptides (Moore et al.. 1992) . We used in situ hybridization to demonstrate that the GMC is also the site of expression of magainin and PGLa. Sections of adult Xenopus stomach were hybridized with 35S-labeled anti-sense RNA probes transcribed from magainin and PGLa cDNAs. Serial sections were hybridized with 3'Slabeled sense RNAs as negative controls to demonstrate specificity of hybridization (see Materials and Methods). Figures 2A-2C show serial cross sections of Xenopus stomach hybridized with PGLa anti-sense (Figure 2A) , magainin anti-sense ( Figure 2B ). and magainin sense probes ( Figure 2C ). The GMC. indicted by an arrow in Figure 2C . is a crescent-shaped eosinophilic cell adjacent to the mucous-producing cells. Both Figures 2A and  2B show an intense concentration of black grains over the GMC. indicating high lcvcls of magainin and PGLa mRNAs synthesized in the same cell. No signal was present when serial sections were hybridized with the magainin sense probe as a negative control (Figure 2C) or with the PGLa sense probe (not shown), illustrating the specificity of the in situ hybridization. Therefore. the GMC is the site for both synthesis and accumulation of magainin peptides in the gastric mucosa.
Localization of Magainin and PGLa Expression to a Paneth-like Cell in Xenopus Small Intestine
We used in situ hybridization to identify the intestinal cells that synthesize magainin and PGLa "As.
Our results demonstrate that magainin and PGLa are expressed in another granule-filled cell in the small intestine, which has some characteristics of mammalian Paneth cells. Figures 2D-2F are serial longitudinal sections of adult Xenopus small intestine hybridized with PGLa anti-sense ( Figure 2D ). magainin anti-sense ( Figure 2E ). and the magainin sense negative control probes ( Figure 2F ). In Figures 2D and 2E . dark grains are concentrated in large, eosinophilic cells near the lamina propia. demonstrating expressing of magainin and PGLa within the same cell. Figures 2G-2J further demonstrate the appearance of these intestinal cells. Figures 2G and 2H are serial sections hybridized with the magainin anti-sense ( Figure 2G ) and sense control probes ( Figure 2H ). The intestinal cells expressing magainin and PGLa are large, eosinophilic cells, indicated by arrows in Figure 2H . They are sparsely distributed throughout the intestinal epithelium, with greater abundance towards the more distal protein of the small intestine. Another pair of serial sections is shown in Figures 21 and 2J. Figure 21 was hybridized with the magainin anti-sense probe. Figure 2J was stained with hematoxylin and eosin only, with no prior hybridization step, to emphasize the presence of strongly eosinophilic granular material (indicated by the arrow). Figures 2K-2M show sections of small intestine from Xenopus ( Figure 2K ), human ( Figure 2L ), and mouse ( Figure 2M ) stained with the histochemical stain phloxine-tartmine. Paneth cells stain red in the phloxine-tartmine reaction (Lcndmm, 1947) . However. the basis for the reactivity of this stain is not known. We found that the cells of Xenopus small intestine that express magainin and PGLa mRNAs also stain red with phloxine-tanrazine. Of note. the granular glands ofXenopus skin, the most abundant site of magainin and PGLa expression, also stain red with phloxine-tartrazine ( Figure 2N ).
Ultrasttructural Studies of the Xenopus Paneth-like Cell
We undertook EM studies to characterize the Xenopus intestinal cell that is the site for magainin and PGLa expression. This cell shares some features with the mammalian Paneth cell. Figure 3A shows an electron micrograph of the mouse Paneth cell for comparison. General characteristics of mammalian Paneth cells that can be appreciated in Figure 3A include the pyramidal or triangular shape and the presence of electron-dense supranuclear granules. The nucleus is large and irregular in outline, and is located in the basal portion of the cell. A single large nucleolus is present. The cytoplasm of the perinuclear region contains abundant rough endoplasmic reticulum.
The Xenopus Paneth-like cell sham general characteristics common to the mammalian Paneth cell. These are the pmence ofabundant supranuclear granules (arrow in Figure 3B ). a large. basally placed irregular nucleus surrounded by rough endoplasmic reticulum, and a prominent single nucleolus. Howcver. we did not observe apical junctional complexes in the Xenopus intestinal cell, I' D which would be expected for a Paneth cell. Figure 3B is a crosssection of Xenopus small intestine oriented with the lumen at the top and the Paneth-like cell near the lamina propria at the bottom of the figure. Figure 3C is a higher magnification of the Xenopus Paneth-like cell, demonstrating the electron-dense, rice-shaped granules. The granules are approximately 1-3 pm long and about 0.5 pm in diameter, and are similar in size and shape to the granules of the GMC of Xenopus gastric mucosa (Moore et al., 1992) .
Discussion
We have characterized the tissue distribution of magainin and PGLa gene expression and have identified the adult Xenopus gastrointestinal tract as a major site of expression. These results enhance our understanding of the distribution ofthis peptide family in Xenopus. Using in situ hybridization, we have localized magainin and PGLa expression to the granular multinucleated cell (GMC) of Xenopus stomach. This cell was previously shown to store peptides of the magainin family (Moore et al. 1991 (Moore et al. ,1992 . Thus, magainins are synthesized and stored in the same gastric cell, as is the case for the skin granular gland (Reilly et al., in press ). In addition, we have localized magainin and PGLa expression to a Paneth-like cell in Xenopus small intestine. Identification of antimicrobial peptide gene expression in Xenopus small intestine provides evidence in support of a conserved system of intestinal host defense involving antimicrobial peptides in a wide range of vertebrates. Furthermore, the localization of magainin and PGLa expression in another granule-filled cell in addition to the GMC supports the hypothesis that the Xenopus skin granular gland represents a less uniquely specialized structure than considered previously.
Several classes of antimicrobial peptides have been identified in the mammalian small intestine. These include cecropin PI, a peptide with amino acid similarity to insect ceuopins isolated from the porcine small intestine (Lee et al. 1989 ). PR-39, an arginine-proline-rich peptide with antimicrobial activity, has also been isolated from porcine small intestine (Agerberth et al.,, 1991) . The cellular localization of these porcine peptides has not been identified. Cryptdins is a name given to the peptides of the mouse small intestine belonging to the defensin antimicrobial peptide family. Results from in situ hybridization studies demonstrate specific and abundant expression of cryptdins in the mouse Paneth cell Ouellette and Lualdi, 1990 ). Paneth cells are pyramidal cells that reside at the base of the crypts of Lieberkuhn in the small intestine of many but not all mammalian species (Paneth, 1888) . Paneth cells share the properties of a distinc-tively staining cytoplasm and u l u a s u u c d features consistent with a secretory cell (Satoh et al., 1989; Trier, 1963) . Although theirprecise physiological role is not known, a leading hypothesis is that these cells participate in host defense of the small intestine (Lewin, 1969) . A role in host defense is supported by the identification of lysozyme as a Paneth cell product (Peeters and Vantrappen, 1975; Erlandsen et al., 1974) . The localization crfexpmsion of mouse cryptdins Ouellette et al. 1987 Ouellette et al. ,1992 and human defensins 5 and 6 in the Paneth cell (Jones and Bevins, 1992,1993) provides additional evidence to support the hypothesis that this cell plays a key role in antimicrobial defense of the mammalian small intestine. Cryptdin peptides 1-5 have been purified from mouse small bowel, sequenced, and localized to the intestinal epithelium by immunohistochemistry Selsted et al., 1992) . Selsted et al. (1992) suggest that the cryptdin peptides are secreted into the intestinal lumen, similar to Paneth cell secretion of lysozyme.
We have identified a cell that expresses high levels of magainin and PGLa antimicrobial peptide genes in the Xenopus small intestine. Identification of this cell as a Paneth-like cell is based on its characterization as an eosinophilic, granule-filled cell with a large basally placed nucleus and prominent nucleolus. Furthermore, this small intestinal cell stains red with phloxine-taruazine, a histochemical marker of mammalian Paneth cells. The identification of antimicrobial peptide gene expression in a Xenopus Paneth-like cell supports the hypothesis that there is a conserved role of the Paneth cell in the intestinal host defense of non-mammalian vertebrates. We were unable to demonstrate the presence of lysozyme, a constituent of mammalian Paneth cells, in the Xenopus Paneth cell using a histochemical method of Ghoos and Vantrappen (1971) , nor did we detect crossreactive material with currently available reagents (Reilly and Zasloff, unpublished data) . Antisera and cDNA probes for amphibian lysozyme, which are not available at this time, would greatly increase the sensitivity of these experiments.
The Xenopus intestinal cell does not appear to have apical junctional complexes as are observed in mammalian Paneth cells. Therefore, the Xenopus intestinal cell appears to have features of both Paneth cells and neuroendocrine cells. The release mechanism for the granules ofthe XenopuJ Paneth-like cell is not known. Although the cell may release its granules into the lumen, as is the case for the mammalian Paneth cell, it is also possible that the Xenopus intestinal cell releases its contents into the bloodstream. Physiological studies to determine which release mechanism is used may help to distinguish between these possibilities and support further characterization of this amphibian intestinal cell. Nicholas (1891) and Baecker (1934) carried out systematic histological surveys of a variety of vertebrates from fish to mammals to identify the range of vertebrates possessing cells that they identified as possible analogues to mammalian Paneth cells. Baecker described eosinophilic, granule-filled cells in many but not all vertebrates examined, including the ray, newt, and some species of salamander and lizard. These cells were distributed sparsely throughout the small intestine, with a somewhat higher number towards the distal small intestine. Thus, the conservation of cells analogous to mammalian Paeth cells has been suggested for a wide range of vertebrates. In contrast the mammalian small intestine, the amphibian small intestine does not contain a true crypt-villus structure. Instead, these animals rely on branched mucosal folds for raising the secretory and absorptive capacity of the surface (Patt and Patt, 1969) . In Xenopus, the mucosal folds first develop as part of the rapid changes in the intestinal epithelium during metamorphosis (Ishizuya-Oka and Shimotawa, 1987) .
In his survey of Paneth-like cells in vertebrates, Nicholas (1891) listed frogs as negative. However, he did not identify which genus or species was examined. In a preliminary study we examined the small intestine of amphibians from the genera Nectums, Ambystom, Notophth&mus, Bufo, and Rana (obtained from Nasco Biologicals) for the presence of Paneth-like cells with the phloxine-taruazine histochemical stain. A few granule-containing cells stained positive with phloxine-tartrazine in the small intestine of Ambystoma (salamander) and of Notophthafamus (newt) . No obvious staining was present in the other genera examined (Reilly and Zasloff, unpublished data) . Although the phloxine-taruazine stain by itself does not constitute definitive identification of a Paneth cell, our preliminary findings suggest that there is variation in the presence or absence of Pan&-like, large, eosinophilic, granule-fded intestinal cells among amphibians. In summary, abundant expression of magainin and PGLa antimicrobial peptide genes was found throughout the Xenopus gastrointestinal tract and in the skin, demonstrating a wide range of epithelial sites in which to study expression, regulation, and function of the genes encoding this antimicrobial peptide family. The identification of a Xenopus cell that expresses magainin and PGLa genes and that may be a functional analogue of the mammalian Paneth cell will be of particular interest in providing a nonmammalian system for comparative study of intestinal host defense. In addition, the extensive remodeling of the Xenopus intestine during metamorphosis may provide a system for understanding the development of intestinal host defense.
